The vasoactive intestinal peptide/pituitary adenylyl cyclase-activating polypepetide (VPAC) receptors are important for many physiologic functions, including glucose homeostasis, neuroprotection, memory, gut function, modulation of the immune system and circadian function. In addition, VPAC receptors have been shown to function in vitro to modulate the infection of HIV by a signal transduction pathway that appears to regulate viral integration. In this article, the affects of VPAC stimulation on HIV infection will be reviewed and approaches for the development of HIV/AIDS therapeutics that target these receptors will be described. Novel HIV/AIDS therapeutics are urgently required to stem the continued spread of this disease, particularly in underdeveloped countries. Drug design to inhibit signaling through VPAC1 and stimulate signaling through VPAC2 could lead to alternative therapies for the treatment and/or prevention of HIV/AIDS.
Introduction
It has been 30 years since the first published description of acquired immune deficiency syndrome (AIDS) [1] . Unfortunately, there remains no cure for AIDS. However, over this long period of time, much has been learned, and continues to be learned, about the retrovirus causing AIDS, human immunodeficiency virus (HIV). This RNA-containing virus requires virally-derived proteins that
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include reverse transcriptase, integrase and protease, to successfully complete its lifecycle. This knowledge has led scientists to develop highly active antiretroviral therapy (HAART) which has been exceedingly successful in prolonging life of HIV-infected individuals. However, HAART is expensive and, thus, unavailable to the majority of those infected with HIV, which remains endemic in Sub-Saharan Africa and is increasing in South Asia and Asian countries [2] . Thus, HIV infection and AIDS cases continue to increase worldwide. According to the World Health Organization, as many as 9,000 new cases of HIV infection occur daily and it is projected that by the end of the next decade there will be some 100 million infected individuals [2] . Thus, despite 30 years of research and other efforts to control its spread [3, 4] , HIV/AIDS remains an ever increasing threat to global health. Development of a suitable vaccine continues to be years in the future. Therefore, in order to avert increased morbidity and mortality, we need to develop new HIV/AIDS therapeutics and we need to do this with urgency.
Vasoactive Intestinal Peptide/Pituitary Adenylyl Cyclase-Activating Polypeptide (VPAC) Receptors
Several receptors that can interact with structurally related regulatory neuroendocrine peptides that include vasoactive intestinal peptide (VIP), secretin, pituitary adenylyl cyclase-activating polypeptide (PACAP), glucagon, gastric inhibitory peptide (GIP) and growth hormone releasing factor (GRF) have been described [5] [6] [7] . These neuroendocrine receptors belong to the group B sub-family of seven transmembrane G protein-coupled receptors referred to as the secretin family of neuroendocrine receptors [5] [6] [7] . There are three members of this receptor family [5] : VPAC1, VPAC2, and PAC1. VPAC1 is widely expressed on cells and tissues, present in liver, intestine, kidney, and in certain regions of the brain, notably the cortex, hippocampus, and olfactory bulb, as well as on immune T cells and monocytes. VPAC2 is not as widely expressed as VPAC1, found mostly in the central nervous system, in the thalamus, hippocampus, suprachiasmatic nucleus and hypothalamus. However, VPAC2 is expressed on epithelial cells and is inducible on T lymphocytes and monocytes. Indeed, VPAC receptors have been shown to be differentially expressed in monocytes and T lymphocytes. VPAC1 is expressed at higher levels in resting compared to activated CD4 + T lymphocytes and is expressed in monocytes. VPAC2 is expressed optimally on activated CD4 + T lymphocytes and monocytes [8] [9] [10] .
The two VPAC receptors, although structurally-related, exhibit distinct structure-function differences [10] [11] [12] . Indeed, secretin, a VIP/PACAP-related protein, has significant biological activity on VPAC1 but is relatively inactive on VPAC2 [13] . In contrast, the lizard venom-derived protein, helodermin, from the Gila monster [14] , has significant biological activity on VPAC2 and no or little activity on VPAC1 [15, 16] . Moreover, though VIP binds to both receptors with similar affinity and both VPAC1 and VPAC2 generated signals have been shown to result in increased [cAMP]i and [Ca
2+
]i [7] , signal transduction through these receptors can result in different functional outcomes [8, 12] .
In this regard, VPAC receptors may be similar to angiotensin II type 1 and type 2 receptors [17, 18] . This has led to speculations and some supportive evidence that these receptors generate additional and different signaling cascades [7, 10] but, also, that the differential expression of these two receptors on cells that express both receptors may result in cross talk that may influence the outcome of the signal transduced [12] .
Investigators have previously alluded to a possible role for VIP in HIV infection [19] [20] [21] [22] [23] [24] . VIP, produced during immune activation and at particularly high levels in the gastrointestinal tract, has been shown in vitro to directly activate transcription from the HIV-1 long terminal repeat (LTR) promoter regions [20] . Early reports claimed antibodies were present in HIV infected individuals that showed spectral and sequence homologies to VIP and peptides derived from HIV gp120 that bound these antibodies [21] . Also, antibodies to a VIP-like structure within HIV gp120 were found in HIV infected individuals that did not progress to AIDS [22] . Our laboratory has shown that anti-VIP can immunoprecipitate HIV [23] , suggesting that HIV gp120 may directly interact with the receptor for VIP on the cell surface of T-cells and monocytes, targets for HIV infection. Thus, if HIV can mimic VIP, it may allow HIV to bind to the receptor for VIP on resting T cells or monocytes; this may provide some advantage to the virus. Indeed, our laboratory has shown that antibodies that specifically block the signal transduced by VPAC1 but not ligand binding, can inhibit HIV infection by as much as 80% [23] . Thus, a portion of HIV gp120 appears to resemble VIP and, through this mimicry, can interact and activate the VPAC1 receptor, providing a facilitation effect for HIV infection.
Our recent results show VPAC1 signaling facilitates the integration of the viral cDNA of HIV, possibly through activation of a tyrosine kinase [10, 24] that may be responsible for tyrosine phosphorylation of the HIV matrix protein allowing formation of the pre-integration complex [25] [26] [27] .
The Role of VPAC1 in HIV Infection
Our laboratory and others have shown that VIP can activate transcription of the HIV LTR promoter [20] . However, we are the only group that has examined a role for VPAC receptors in HIV infection. We have shown VPAC1 to play a significant role in facilitating the HIV infection [23, 24] . Importantly, we have shown that blocking of the VPAC1 signaling pathway results in significant inhibition of HIV infection [23] . We have demonstrated that HIV can facilitate its own infection by interacting with and stimulating VPAC1 [23, 25] . We confirmed the significant role played by VPAC1 in HIV infection by over-expressing VPAC1 in HIV susceptible target cells and by using antisense to knock-down VPAC1 expression [23] . Initial studies suggested that the mechanism of VPAC1 signaling is to facilitate viral integration [23] and recent preliminary studies support this hypothesis [25] . These studies combined indicate that HIV does not use VPAC1 to gain entry into the host cells but, instead, uses VPAC1 signaling for inducing the integration of the viral cDNA. Thus, stimulation of VPAC1 either by specific ligand or by HIV itself provides an activation signal that is not required for viral entry but may be necessary for successful viral integration into the host genome.
HIV normally infects CD4 + T-cells through the interaction of its envelope protein, gp120, with cell-surface expressed CD4 and a chemokine co-receptor, either CXCR4 or CCR5 (Figure 1 ). This interaction allows for HIV to fuse to the cell membrane where it then can deposit its RNA and viral proteins into the cytoplasm of the cell. Using its reverse transcriptase (RT), the viral RNA is converted into its complementary DNA (cDNA). The viral cDNA then forms a pre-integration complex with the viral proteins, p17 (matrix protein), integrase and Vpr. In order to form the pre-integration complex, the matrix protein must be phosphorylated on tyrosine [26, 27] . We hypothesize this to be the result of a signal sent through the VPAC1 receptor, either by a specific ligand, such as secretin or VIP, or by HIV itself which has amino acid sequence similarity within its gp120 to VIP [10, 23, 25] . This tyrosine kinase activation through VPAC1 phosphorylates the matrix protein and allows the formation of the pre-integration complex, which then can move into the nucleus where it forms 2-LTR circular DNA (2-LTR circles) as well as integrates its cDNA into the host genome ( Figure 1 ).
Figure 1. Schematic representation of how HIV infects cells and how VPAC1 therapeutics might work to prevent productive HIV infection. (A). Schematic of HIV infection and role of VPAC1; (B)
. Blocking antibody to VPAC1 inhibits the signal transduction and activation of a tyrosine kinase; thus, preventing formation of the pre-integration complex, nuclear transport and integration of the viral cDNA; (C). Specific VPAC1 antagonists, either a peptide or small-molecular-weight non-peptide inhibitor, prevent activation of the VPAC1 receptor resulting in inhibition of viral cDNA transport and integration.
Although the exact tyrosine kinase responsible for the phosphorylation of the matrix protein has yet to be elucidated, the VPAC1-stimulated activation of tyrosine kinase activity that we have observed [10] and especially the c-Src tyrosine kinase activated through VPAC1 [24] , seems a good candidate for further study.
The Role of VPAC2 in HIV Infection
To investigate the possible role of VPAC2 in HIV infection, we initially used the peptide helodermin that preferentially stimulates VPAC2 [14, 15] . Helodermin is a 38-kilodalton polypeptide that is derived from the venom of a lizard called the Gila monster (Heloderma suspectum). Gila monsters are found only in the Southwestern deserts of Utah, Nevada, California, New Mexico, and in Northern Mexico. Although derived from a venomous lizard, helodermin has been used in studies by neuroscience investigators for many years without reports of toxicity. Based on the amino acid sequence of helodermin, synthetic peptide analogues have been produced having increased affinity for VPAC2 over VPAC1 or PAC1 [16, 28, 29] . Initially, we found that a single treatment of Jurkat T-cells with helodermin prior to HIV-1 infection results in a significant inhibition of productive infection [30] . This effect was shown to be dose-dependent. Using additional, more specific agonists for VPAC2 confirmed our results using helodermin. These agonists known as RO-25-1553 [16] , R3P66 or BAY55-9837 [28] , and R3P55 [29] all were shown to inhibit productive HIV infection using 10 M daily administration to cell cultures [30] . Subsequent studies showed that stimulation of VPAC2 but not VPAC1 or PAC1 inhibited HIV infection through prevention of HIV viral cDNA integration into the host mammalian DNA [30] .
In contrast to VPAC1 (Figure 1 ), specific stimulation of the VPAC2 receptor by appropriate agonists sends a signal which inhibits the transport of the pre-integration complex into the nucleus, preventing formation of 2-LTR circles and viral cDNA integration into the host genome [25, 30] . We have evidence that VPAC2 stimulation activates a protein tyrosine phosphatase [25] . This tyrosine phosphatase may act to dephosphorylate the matrix protein thereby preventing the formation of the pre-integration complex and preventing viral cDNA nuclear transport and integration.
Differential VPAC Expression on Cells Targeted by HIV

It is known that on immune cells such as CD4
+ T-cells, the primary target of HIV infection, that VPAC1 and VPAC2 are differentially expressed [8] [9] [10] . On resting, naïve CD4 + T-cells, VPAC1 is expressed at high levels with little or no VPAC2 expression [9, 10] . Thus, during initial HIV infection of resting CD4 + T-cells, HIV would have an advantage as it would bind to and stimulate the VPAC1 receptor with little or no interaction with VPAC2; although, it remains unclear whether HIV can bind to both VPAC1 and VPAC2. Preferential HIV stimulation of VPAC1 would allow for the provision of the signal necessary to form the pre-integration complex. After T cell activation, however, the level of VPAC1 expression drops off sharply while the expression of VPAC2 increases several-fold higher than VPAC1 [9, 10] . At this stage, ligands that specifically stimulate VPAC2 would be expected to provide signals that would protect against integration of the viral cDNA. Even VIP which can stimulate both VPAC1 and VPAC2 may preferentially stimulate VPAC2 due to its increased expression on activated T-cells; and thus, could provide some protection at this time. However, as no natural human homologue for helodermin has yet been identified [31] , inhibition of HIV infection of CD4 + T-cells in vivo through VPAC2 activation may not occur naturally as a response to HIV infection.
Thus, VPAC2 provides a good candidate target for the development of synthetic agonists to be used in the prevention of HIV infection.
Potential Therapeutics Targeting VPAC1
In order to develop potential therapeutics that target VPAC1 one must inhibit the signaling pathway through this receptor (Figure 1 ). This can be done in either of two approaches: (1) produce a humanized monoclonal blocking antibody for VPAC1 receptor signaling; or (2) develop specific peptide agonists of VPAC1 or use a drug discovery approach to identify small-molecular-weight nonpeptide compounds that can bind to VPAC1 and prevent signaling.
Potential Therapeutics Targeting VPAC2
Therapeutics to target VPAC2 need to be specific agonists that activate this receptor. Helodermin is a molecule that can activate VPAC2 signaling and inhibit HIV integration. There is no known human homologue of helodermin [31] ; however, a number of synthetic peptide analogues having higher affinity than helodermin for VPAC2 compared to VPAC1 have been produced [25, 28, 29, 32] and some of these have shown ability to inhibit HIV infection in vitro [30] . Other VPAC2 agonists having even higher specificity and stimulatory ability have more recently been described [33] [34] [35] . A pharmacological approach to determine if any of these VPAC2 agonists have in vivo toxicities is imperative as it is possible that Phase I/II clinical trials for the use of these compounds for reasons other than HIV/AIDS therapy may soon go forward [33] and show one or more to have low toxicity. This would mean that these compounds could be tested in pre-clinical animal trials for efficacy against HIV infection, including mucosal transmission, in prelude to human clinical trials for there ability to ameliorate HIV infection through the prevention of viral integration (Figure 2) . Perhaps a combination of HAART and a VPAC2-specific agonist would have increased efficacy for the treatment of HIV infection. Ideally, activators of VPAC2 should be designed so as not to penetrate the blood-brain barrier to avoid central nervous system adverse effects as VPAC2 is widely expressed in the brain [7] . (Figure 1 ), specific stimulation of the VPAC2 receptor by appropriate agonists sends a signal which activates a protein tyrosine phosphatase that results in the inhibition of the formation of the pre-integration complex, preventing formation of 2-LTR circles and viral cDNA integration into the host genome [25, 30] .
Conclusions
VPAC1 and VPAC2 receptors are able to regulate the integration of the HIV viral cDNA. Despite a lack of current research to further document the regulatory effects of VPAC1 and VPAC2 stimulation on HIV integration, development of specific inhibitors of VPAC1 signal transduction as well as further research to develop more specific activators of VPAC2 signaling, including drug discovery for small-molecular-weight, non-peptide inhibitors, is warranted. Future therapeutics that target VPAC1 and/or VPAC2 are predicted to have significant value for the treatment and possibly prevention of HIV/AIDS, something that is urgently needed.
